Abstract Cubic monodisperse MFe 2 O 4 ferrite nanoparticles (M = Fe, Co, and Mn) with tunable sizes between 7 and 20 nm and a narrow size distribution have been achieved in a one step synthesis by thermal decomposition of Fe(III), Co (II), and Mn(II) oleates. These nanoparticles have been functionalized with dimercaptosuccinic acid (DMSA), 11-mercaptoundecanoic acid (MUA), and bis(carboxymethyl)(2-maleimidylethyl)ammonium 4-toluenesulfonate (MATS) to grant them aqueous stability and the possibility for further functionalization with different biomolecules. Their structural, magnetic, and colloidal properties have also been studied to determine their chemical and physical properties and the degree of stability under physiological conditions that will determine their future use in biomedical applications.
Abbreviations

NP
are among the most interesting magnetic nanomaterials nowadays due to their potential for important biotechnological applications in catalysis, biomolecule separation, and medical diagnosis and treatment (YanezVilar et al. 2009; Figuerola et al. 2010) . The magnetic and electrical properties of these nanoparticles (NP) can be modulated by replacing the divalent M 2? cation totally or partially if the basic crystal structure is maintained (Yanez-Vilar et al. 2009 ). In particular, iron oxide NP containing manganese or cobalt has shown improved magnetic properties compared to magnetite or maghemite NP (Sun et al. 2004) leading to an enhancement of the magnetic resonance signal as in the case of manganese ferrites (Xie et al. 2006; Cheon et al. 2007 ) or a more efficient heating absorption capacity after applying a magnetic field as in the case of cobalt ferrites (Joshi et al. 2009; Kraus et al. 2009 ). Besides their outstanding tunable magnetic properties, this type of NP has shown remarkable chemical stability as well as moderate levels of toxicity in biological systems (Xie et al. 2006; Lee et al. 2011) . Ideal diameters of the ferrite NP for biomedical applications are between the superparamagnetic threshold at room temperature RT, (10 nm) and the critical single-domain size (*70 nm) (YanezVilar et al. 2009 ). Superparamagnetic nanoparticles for biomedical applications are of relevance since they do not retain any magnetization after removal of an external field (Mohammadi et al. 2010; Laurent et al. 2011 ). This particular property avoids particle aggregation (Guardia et al. 2007; Laurent et al. 2011) , facilitating their long-term stability in various dispersion media (Xie et al. 2006) . These, plus their capability of being manipulated under an external magnetic field, provide controllable means of magnetically tagging of biomolecules, efficient bioseparation/biodelivery and biolabeling, and magnetic resonance imaging (MRI) contrast enhancement (Xie et al. 2006) .
In the last few years, research has been focused on the controlled synthesis of monodisperse ferrite NP with uniform chemical composition for controlled biodistribution, bioelimination, and contrast and heating effects (Hyeon et al. 2001; Yin and O'Brien 2003; Xie et al. 2006) . Very uniform ferrites NP have been obtained by thermal decomposition in organic media of iron acetyl acetonate (Hyeon et al. 2001; Sun et al. 2004; Kwon and Hyeon 2008; Mathur et al. 2009; Roca et al. 2009 ), where the size was controlled by methods such as seeding, change of precursor concentrations, oleic acid/Fe ratio, or temperature (Hyeon et al. 2001; Park et al. 2004) . In some cases, NP with inhomogeneous chemical compositions are obtained by this method, where NP comprise a mixture of phases such as wüstite or core-shell-type NP with areas enriched in some elements (Sharma et al. 2011; Chen et al. 2009; Bronstein et al. 2011) . Although significant progress has been made in the synthesis of ferrite NP, systematic and profound understanding remains challenging, which justifies any effort to find a simple and cost-effective way for the production of sized-tuned monodisperse NP (Hu et al. 2009; YanezVilar et al. 2009; Wiogo et al. 2010) . In this sense, the use of metal-oleate precursors has been recently proposed for being non toxic, easy to handle, and for allowing to obtain larger magnetite NP between 8 and 50 nm (Jana et al. 2004; Park et al. 2004; Han et al. 2007; Park et al. 2007; Kwon and Hyeon 2008; Roca et al. 2009 ). Up to our knowledge, this precursor has not been used for the preparation of other ferrites; therefore, to extend this synthesis to the preparation of Co and Mn ferrite NP constitutes the first objective of this work.
Furthermore, biomedical applications require the functionalization of NP with biocompatible molecules to stabilize them and render them compatible with aqueous solutions. One of the strategies is the use of bifunctional ligands in ligand exchange reactions, where one functional group is bonded to the nanoparticle surface (i.e., carboxylic groups) and the other stabilizes the NP by electrostatic charge (i.e., phosphates, thiols, and amine functional groups) (Gupta and Gupta 2005) . Among these molecules, citric acid, dopamine, tetramethylammonium hydroxide, dimercaptosuccinic acid (DMSA), and mercapto undecanoic acid (MUA) have been used (Salgueiriño-Maceira et al. 2004; Xu et al. 2004; Duanmu et al. 2006; Taboada et al. 2007 ). The last two will be studied in this work. They are especially interesting since they provide free carboxylic and thiol groups at the nanoparticle surface that allow bonding different biomolecules and drugs through the formation of an amide bond. A third molecule that will be tested in this work is bis(carboxymethyl)(2-maleimidylethyl) ammonium 4-toluenesulfonate (MATS). This molecule provides maleimide groups for the introduction of any molecule with a thiol moiety through a 1,4 addition, useful for the conjugation of peptides, antibodies, DNA, or RNA (Pino et al. 2010; Vlaskou et al. 2010 ). The biocompatible molecules should provide stabilization by overcoming magnetic and van de Waals attraction forces of magnetic NP (Wiogo et al. 2010) , and it will be evaluated here as a function of pH and ionic strength. At high ionic strength, such as in biological media, particle aggregation may occur and lead to a blockage of blood capillaries in vivo, or may also be recognized as foreign by the body immune system and eliminated by the reticuloendothelial system reducing the circulation time (Hu et al. 2009; Jain et al. 2009; Wiogo et al. 2010) . This paper outlines a strategy for making monodisperse ferrite NP (Fe, Mn, and Co ferrites) with tuneable sizes from 7 to 20 nm by thermal decomposition of oleate precursors in organic media. We pursued the use of simple, non toxic, and easy to find metal sources, such as metal chlorides, to generate metal-oleate precursors. Moreover, three different bifunctional organic molecules, dimercaptosuccinic acid (DMSA), 11-mercaptoundecanoic acid (MUA), and bis(carboxymethyl)(2-maleimidylethyl) ammonium 4-toluenesulfonate (MATS), will be tested for ferrite nanoparticle surface functionalization. Structural and magnetic properties of the powders will be analyzed and the colloidal properties of the aqueous suspensions will be studied as a function of pH and salinity concentration. 
Materials and methods
Ferrite
Synthesis of metal oleate precursors
For the synthesis of iron (III) oleate 1.08 g of FeCl 3 Á6H 2 O (4 mmol, Aldrich, 98 %) and 3.65 g of sodium oleate (12 mmol, Riedel-de Haën, 85 %), were dissolved in a mixture of solvents composed of 8 mL of ethanol, 6 mL of distilled water, and 14 mL of hexane. Hexane and water are not miscible, and to generate an emulsion containing all the reagents, ethanol is added. The resulting solution was heated up to T = 70°C, and left to react for 4 h, using a reflux condenser. When the reaction was completed, the organic layer containing the Fe(III) oleate was washed three times with distilled water. After washing, hexane was evaporated off obtaining the Fe(III) oleate as a waxy solid.
Cobalt (II) oleate was generated by dissolving 3.71 g of sodium oleate (10 mmol, Riedel-de Haën, 85 %) and 1.20 g of CoCl 2 Á6H 2 O (5 mmol, Sigma 99 %) in a mixture of solvents prepared by mixing 10 mL of ethanol, 10 mL of distilled water, and 10 mL of hexane. The reaction mixture was left under vigorous magnetic stirring for 10 min. Then, the aqueous phase was removed and the organic phase was washed three times with distilled water. The organic solvent was removed and Co(II) oleate was left to dry under vacuum. The resulting product was a purple solid.
Manganese (II) oleate was prepared by mixing 8.08 g of MnCl 2 Á4H 2 O (40 mmol, Aldrich, 98 %) with 25.11 g of oleic acid (80 mmol, Aldrich, 90 %) in 200 mL of methanol. The mixture was magnetically stirred while 3.30 g of sodium hydroxide (80 mmol, Fluka, 97 %) was added to other 200 mL of methanol. The NaOH solution was incorporated after 1 h to the first solution. The resulting mixture was stirred for another hour. Methanol was removed and the reaction product was washed several times with distilled water. The product was dried in vacuum resulting in a deep red waxy solid.
Magnetic nanoparticles synthesis
For the synthesis of Fe ferrite, 0.85 mmol of Fe(ole) 3 and 2.55 mmol of oleic acid were slowly heated under nitrogen atmosphere in 25 mL of 1-octadecene until a temperature of 320°C was reached. The reaction mixture was aged at 320°C for 3 h. Mechanical stirring rate was kept at 30 rpm. For the synthesis of Mn ferrite, a mixture of 0.57 mmol of Fe(ole) 3 and 0.29 mmol of Mn(ole) 2 were used in 1-octadecene. For the synthesis of Co ferrite, the metallic precursors were a mixture of 0.57 mmol of Fe(ole) 3 and 0.29 mmol of Co(ole) 2 in octyl ether. In the last case, 1-octadecene-generated particles with different phases and different size distributions were used. Hence, the reaction solvent was switched for octyl ether, which has a lower boiling point (287°C) than 1-octadecene (3208), slowing down the rate of nucleation and crystalline growth, achieving a better control. In all cases, the final dark product was cooled to RT by retrieving the heating source. The ferrite was washed with a mixture of toluene/heptane (1:1), coagulated with 2-propanol/ethanol (1:3), and centrifuged. The procedure was repeated numerous times, until the final solution was clear. The washed reaction product was then re-dispersed in hexane.
In order to increase particle size, the concentration of the metal precursor was increased between 0.6 mmol up to 1.6 mmol. The amount of oleic acid was also increased keeping a ratio of 3:1 with respect to the oleate metal precursor.
Nanoparticles' surface modification
To impart water stability, the NP was surfacefunctionalized with DMSA, MUA, and MATS. For the DMSA functionalization, ferrite NP was coagulated from the hexane suspension by adding ethanol and centrifuging. A mixture of 25 mL of toluene and a solution of 90 mg of DMSA in 5 mL of dimethyl sulfoxide (DMSO) was added to 50 mg of ferrite NP. The mixture was sonicated for 5 min and mechanically stirred during 24 h at RT. The DMSA-functionalized NP was washed several times with ethanol, and re-dispersed in water. The pH of aqueous suspension was increased to 10 with 1 M KOH solution, to deprotonate one of the DMSA carboxylic groups and thiol groups (pK 9.2), to achieve a better dispersion of the ferrite NP. The negative charge is generated and the sulfur-sulfur bondings around the particle are able to stabilize the NP at very small hydrodynamic sizes. Then, pH was brought back to pH 7 with a 1 M HNO 3 solution (Fauconnier et al. 1997 ). The colloidal suspension was dialyzed for 3 days.
The procedure used to functionalize the surface of the NP with MATS was analogous to the one described above, differing in the use of DMSO with N,N-dimethylformamide (DMF).
For MUA functionalization, 6 mmol of MUA was dissolved in 10 mL of chloroform. 20 mg of ferrite NP was redispersed in 2 mL of chloroform and added to MUA solution. The reaction mixture was sonicated for 5 min and mechanically stirred for 24 h at RT. Ethanol was added to the reaction mixture to recover the product. The MUA-functionalized NP was washed several times with ethanol and redispersed in water. The colloidal suspension was dialyzed for 3 days.
Characterization techniques
The NPs were characterized by inductively coupled plasma optical emission spectrometry (ICP-OES), transmission electron microscopy (TEM), thermal gravimetric analysis (TGA), Fourier transform infrared (FTIR) spectrometry, and X-ray diffraction (XRD) and Mössbauer spectroscopy.
The ICP-OES was performed using a PERKIN ELMER OPTIMA 2100 DV instrument. TEM analysis was performed on a JEOL model 2000 FXII instrument operated at an accelerating voltage of 200 kV. Samples for TEM analysis were prepared by placing a drop of diluted ferrite nanoparticle solutions on carbon-coated copper grids, allowing the solvent to dry before the analysis was carried out. Particle's morphology was studied, and particle's size was determined from the measurement of 200 particles. XRD data were collected using a Philips 1710 diffractometer with CuK a (1.5406 Å ) radiation. The diffractograms were registered between 10 and 90°( 2h values) with steps of 0.02-0.04 (2h) and a rate of 2 s/step. The FTIR spectra were performed in a FTIR spectrometer Nicolet 20SXCFTIR and a Bruker IFS 66 v/S sweeping the energy region between 4,000 and 250 cm -1 . The measurement resolution in both instruments was 2 cm -1 . The TGA were performed using a Seiko TG/ATD 320 U, SSC 5200 equipment.
The analyses were carried out from an initial temperature of 20°C to a final temperature of 900°C with an increasing temperature gradient of 10°C/min in the presence of air with a flow rate of 100 mL/min to allow the elimination of residues from the sample.
The hydrodynamic radius measurements and the Z potential values were obtained using a dynamic light scattering (DLS) equipment, a ZETASIZER NANO ZS from Malvern Instruments. The energy source was a laser which emits a green light, and the angle between the sample and detector is 1738. Stability, as a function of phosphate buffered saline (PBS) concentration, was analyzed; a PBS solution with pH 7.4 with a phosphate concentration of 0.02 M and NaCl concentration of 0.15 M was used for this study. The PBS concentration was varied between 0.01 and 5.00% while keeping constant the nanoparticle concentration at 5 mM.
Transmission Mössbauer spectra between 16 and 298 K were recorded using a conventional constantacceleration spectrometer equipped with a 57Co (Rh) source and a closed-cycle He cryogenerator (Air Product Inc.). The absorbers were prepared to give an effective thickness of about 10 mg cm -2 of natural Fe. The low temperature absorbers were prepared by sandwiching a mixture of powdered sample and vacuum grease between two aluminum foils to insure good thermal conductivity. All the spectra were computer-fitted. Isomer shifts were referred to the centroid of the spectrum of a-Fe at RT. The vibrant sample magnetometer (VSM) used for the magnetic characterization of ferrites NP was a MLVSM9 MagLab 9 T, Oxford Instruments. Hysteresis loops were recorded after applying a saturation field of 5 Teslas, and saturation magnetization was obtained by extrapolation of the magnetisation values to 1/H = 0 in the high field region. Saturation magnetisation values were corrected from the organic content, evaluated by TGA (37 %wt for Fe ferrite, and 35 % for Mn and Co ferrite NP 12 nm in size).
Results and discussion
Synthesis of uniform ferrite nanoparticles
Ferrite MFe 2 O 4 (M = Fe, Co, and Mn) NPs were prepared by thermal decomposition of the corresponding metal-oleates.
FTIR spectrometry was carried out for the metaloleate precursors and for the ferrite NP. In Fig. 1a , the FTIR spectra of the metal-oleate precursors are shown. In the spectra, the characteristic bands for metal carboxylates in the range of 1,650-1,510 cm -1 for asymmetrical vibrations and 1,400-1,280 cm -1 for the symmetrical vibrations are observed. A weak absorption band at 2,962 cm -1 arises from the asymmetric CH 3 stretching mode. Two bands, 2,926 and 2,855 cm -1 , can be assigned to the symmetric and asymmetric CH 2 -stretching modes, respectively. At 3,019 cm -1 , an asymmetric stretching band, which corresponds to the vinyl C-H bond, characteristic for the oleyl group, is observed. The free carbonyl stretching mode of the acid is visible at 1,712 cm Co(ole) 2 correspond to the symmetric stretching bands of the carboxylate groups (Simeonidis et al. 2008) . Figure 1b shows the FTIR spectra for the Fe, Co, and Mn ferrites. For all ferrites, the results show that oleic acid is present in the final product, suggesting that the surface is covered with such acid. The sharp bands at 2,924 and 2,855 cm -1 are attributed to the asymmetric and symmetric C-H vibrations of the methylene groups, respectively. The band at 1,530 and 1,400 cm -1 can be ascribed to the asymmetric and symmetric COO -stretches, respectively . The characteristic absorption bands for Fe-O for ferrites are observed at 568 and 374 cm -1 (Roca et al. 2006; Tirosh et al. 2006) . For Co ferrites, the typical bands of spinel metal-oxide vibration are observed at 571 and 387 cm -1 (Sangmanee and Maensiri 2009; Naseri et al. 2010) . A weak shoulder at ca. 710 cm -1 and a peak at 450 cm -1 are generally associated with the presence of Co 3 O 4 (or CoOOH) and CoO, respectively (Tirosh et al. 2006 ). In our case, such signals are not observed. For Mn ferrites, the broad absorption bands around 570 and 418 cm -1 are correlated to the metal-oxide vibrations (Brabers 1969) . Ferrite NPs are also characterized by XRD. The diffractograms of the ferrite samples present diffraction peaks corresponding to the spinel structure are shown in (Fig. 2) . XRD peaks show typical small crystallite size broadening.
Particle morphology and particle size were determined by TEM micrographs (Fig. 3) . All particles show a cubic morphology with a very narrow size distribution. It is observed that particle size of ferrite NP can be controlled by varying the amount of metaloleate complex in the reaction mixture. As the concentration of metal-oleate is increased, particle size increases (Table 1) . In this way, NP sizes can vary from 7 to 20 nm, using 0.68 mmol of metal-oleate for 7-nm size particles, 0.85 mmol of the metal-oleate for 12-nm size particles, or 1.65 mmol for 20-nm particles, keeping a narrow particle size distribution. Although, size distribution broadens slightly as the NP size increases (Fig. 4) (Peng et al. 1998) . For all cases, standard deviation was found to vary from 1 to ca. 5 nm (Table 1 ). In the case of Co ferrite with a size of ca. 20 nm, particle morphology is diverse. In this case, particles are spherical (Fig. 5) . In general, faster growth rates lead to spherical Co ferrites NP, while slow growth rates lead to cubic NP. Therefore, high concentration of metal cations is responsible for faster growth rates and as a result spherical shape NPs are observed for the larger particles (Song and Zhang 2004) .
ICP-OES analysis indicates the amount of iron present in the material, as well as the ratio of Mn:Fe and Co:Fe in manganese ferrite and cobalt ferrite NP which is very close to 1:2 in both cases. For Mn ferrite, the ratio is around 1:2.15 and for Co ferrite the ratio is in the order of 1:2.16.
The Mössbauer spectra recorded from RT down to 18 K for the iron oxide NP of ca. 12 nm are shown in Fig. 6 . The RT spectrum is composed by a broad singlet indicating that the sample is in full superparamagnetic state. Superparamagnetic relaxation effects are still important at 225 and 175 K. The results contrast with those recently published on magnetite and maghemite NP with similar size and prepared by similar method but spherical in shape (Roca et al. 2007) . At 130 K, the spectrum shows a much better defined magnetic pattern although still broad. Interestingly, the spectrum does not show the characteristic magnetic components (one pertaining to the Fe 2? ions at the B sites and one corresponding to Fe 3? in the A sites) which one would expect for magnetite above the Verwey transition (around 130 K). We only observe Fe 3? components. At 78 and 18 K, the spectral lines are much narrower than those of the spectra recorded at higher temperatures (Fig. 6) . We fitted these two latter spectra to just two magnetic sextets (Table 2) . Attempts to fit the 18 K data to five sextets, as we did recently for spherical magnetite NP, result always in divergence of the fitting procedure. Close inspection of the 18-K spectrum shows the lack of the welldistinctive Fe 2? components that should be present in the Mössbauer spectrum of magnetite well-below the Verwey transition temperature. Taking together the Mössbauer data suggest that: i) the present sample looks like more as maghemite than magnetite (the two sextets at 18 K would correspond to the Fe 3? ions at the A and B sites in its spinel-related structure); and ii) anisotropy shape effects are important. The behavior of cubic particles is different from that of spherical particles of comparable sizes as previously observed (Häggström et al. 2008; Salazar-Á lvarez et al. 2008) . Figure 7 shows the RT and 5-K hysteresis loops of Fe, Mn, and Co ferrites NP of ca.12 nm, and hysteresis parameters are shown in (4 l B ) than from Co 2? (3 l B ) (Horng et al. 2004; Xie et al. 2006) . In all cases, the experimental saturated moments are lower than the theoretical values, probably due to the existence of spin canting at the surface (Maaz et al. 2006; Fan et al. 2010; Gyergyek et al. 2010) . At 5 K (Fig. 7b) , it was noticed that the M s is 79 emu/g for Fe ferrite, 81 emu/g for Mn ferrite, and 54 emu/g for Co ferrite. The measured M r /M s ratio for Co ferrite is higher than for the other two ferrites as expected for a system of single domain particles with cubic anisotropy (Ngo et al. 2001; Maaz et al. 2006 ), but lower than the theoretical value indicating some incoherent rotation of the magnetisation which would be associated to particle shape (Ross et al. 1999) .
Moreover, incorporation of the divalent cation into the Fe-O matrix can change the magnetic anisotropy of the material (Xie et al. 2006; Fan et al. 2010) . Thus, the presence of Co 2? in the Fe-O matrix is expected to increase the magnetic anisotropy leading to higher coercivity at RT and 5 K (Fig. 7) , while Mn 2? is expected to reduce the magnetic anisotropy although particle-particle magnetic interactions could contribute to magnetic anisotropy as well and consequently change the magnetic properties of NP (Vestal et al. 2004) . It can be seen that NPs are ferromagnetic at 5 K with H c = 280 Oe for Fe ferrite and H c = 395 Oe for Mn ferrite (Table 3) . The H c of 12-nm Co ferrite is ca. 17 kOe, much larger than that of Fe and Mn NP of similar size, due to higher magnetocrystalline anisotropic and according to the single-ion anisotropy model when Co 2? ions replace Fe 2? at the octahedral site in the spinel structure (Xie et al. 2006; Fan et al. 2010) . Furthermore, Co ferrite NPs show a sheared (Schabes 1991; Horng et al. 2004; Xi et al. 2011) , as it has been shown recently (Lee et al. 2011) .
The Curie temperature is another important difference. For Mn ferrite it is 300°C, while for Fe it is 585°C and for Co it is 520°C (Cullity and Graham 2009). It means that M s varies from the maximum value to zero emu/g, from 0 K to that temperature. That could be the reason to have similar M s values for Mn and Fe ferrite at RT.
Surface modification
As analytical data confirms, the NP surface is covered by hydrophobic oleic acid (see FTIR spectra in Fig. 1b) , which prevents aggregation of the particle cores in organic solvents. The hydrodynamic radius measured for such NP shows that the value is slightly bigger than the value measured by TEM by ca. 4 nm. The oleic acid layer in these particles avoids the van der Waals and dipolar interactions among them. Hence, no aggregation is observed. However, oleic acid does not allow ferrite NP to be stable in aqueous solutions. Therefore, it must be exchanged by other molecules that will allow such stability by electrostatic repulsion by an equally charged molecule on the particle surface. Ligand exchange is a proper technique that can be employed for this purpose. Molecules such as DMSA, MUA, and MATS which posses a carboxylic group in their structure can displace oleic acid from the NP surface (Fig. 8) . Furthermore, they have such a structure that besides granting the hydrophilic property may also allow a further functionalization with different biomolecules depending on the application.
The FTIR spectra of the modified ferrite particles with DMSA, MUA, and MATS are shown in Fig. 9 . The spectrum of DMSA-coated NP shows bands at 1,640 and 1,578 cm -1 that were assigned to the vibration of the C=O. The bands present at 1,444 and 1,360 cm -1 are due to the C-H bond. At 2,340 cm -1 , a weak band assigned to the vibration of S-H bond is observed. Furthermore, at 1,100 and 1,000 cm -1 , bands that correspond to the vibration of the bond Fig. 7 DMSA, 11-MUA, and MATS molecular structure representation Table 3 Magnetic properties of ferrites NP of 12-nm mean size S-CH are also observed. The signals at 2,843 and 2,914 cm -1 correspond to the vibrations of the symmetric and asymmetric C-H 2 stretching modes. The FTIR spectrum shows in all cases the presence of surfactants on the surface of the ferrite NP.
The spectrum for functionalized ferrites with MUA displays all characteristic vibration bands of MUA. Two absorption bands at 1,716 and 1,660 cm -1 are attributed to the vibration of C=O at the carboxylic groups (Nuzzo et al. 1990) . The band at ca. 1,430-1,460 cm -1 is ascribed to the CH 2 groups, including those in a position to C=O. In the higher frequency region, the symmetric and asymmetric v C-H modes appear at 2,840 and 2,915 cm -1 , respectively. These latter two bands indicate a rather well-ordered, densely packed thiol layer (Méthivier et al. 2003) The band corresponding to the vibration for S-H is not observed (Bagaria et al. 2006) .
The spectrum of ferrite NP functionalized with MATS does not show the presence of p-toluensulfonate, suggesting the anion was removed after the surface functionalization. An absorption signal at 1,615 cm -1 with a shoulder at 1,685 cm -1 is attributed to the C=O bonds; the one at ca. 1,375 cm -1 is ascribed to vibration modes of -CH 2 groups at the carboxymethyl. The C-N band is found at 1,380-1,265 cm -1 (Socrates 2004) , while the C=C appears at 1,640-1,680 cm -1 . The signal of the O-H group is observed at 3,200 cm -1 . The colloidal properties of one of the ferrite NP, i.e., magnetite, functionalized with DMSA, MUA, and MATS were also studied. Characterization by DLS gave information about point of zero charge (PZC) and the hydrodynamic radius of ferrite NP in aqueous solutions, functionalized with any of the three molecules (Fig. 10) . Pure magnetite particles are amphoteric (Compton 1987; Hajdú et al. 2009 ), which can develop charges in the protonation and deprotonation reactions of M-OH surface sites. However, when DMSA, MUA, and MATS recover the particle surface, they modify the surface charge properties of ferrite NP. Therefore, the determination of PZC for ferrite NP was of interest.
The DMSA and MUA ligands possess highly electronegative functional groups in their structure, which will afford to the ferrite particles surface a negative charge. For the functionalized ferrite particles, it is observed that the surface is negatively charged in a wide range of pH values. The Z potentials of functionalized ferrites as a function of pH are presented in Fig. 10 . Both curves crossed at the point of zero charge (pH pzc ), which is about 2.5 for DMSA and 4 for MUA. From the data obtained, it can be observed that ferrite particles with MATS at their Fig. 9 IR spectra of the modified magnetite particles with DMSA, MUA, and MATS surface have a pH pzc of 4.3 very close to the MUA's value; however, it is not stable at pH values below 7 probably due to its hydrodynamic size.
The hydrodynamic radius values of Fe, Mn, and Co ferrite NP are practically constant when varying pH values of the colloidal aqueous suspensions and aggregation takes place only when pH is approaching the PZC (Hajdú et al. 2009 ). Particles functionalized with DMSA have a hydrodynamic radius of 60 nm, while particles ferrite NP functionalized with MUA have a constant hydrodynamic radius of 200 nm (Fig. 10) . As it can be observed, above the PZC, the surface charge density of Fe, Mn, and Co ferrites becomes more negative, avoiding aggregation of NP because of electrostatic charge repulsion.
The colloidal suspension starts loosing stability when functionalized with DMSA at pH ca. 4, while for MUA is at pH ca. 5. Considering that functional groups present in DMSA and MUA, the sulfide could dimerize, and two possible situations can be encountered. The dimerization may promote several NP to be bonded by the disulfide group, allowing aggregation to take place. Another possibility is that the carboxylic group bonds to two particles promoting the formation of aggregates. In the case of MATS, it was not possible to perform the hydrodynamic radius analysis since the sample was not stable for a long enough period of time. As a result, the colloidal suspension collapsed, and the NP in suspension precipitated, either for the lack of electric charges at the surface of the particle (the double bond ligand at the maleimide moiety had reacted) or aggregation of the ferrite NP took place.
In order to have an insight of the suitability of the NP coated with DMSA and MUA for biomedical applications, a colloidal stability study of these NP was performed in a commonly used biological buffer, PBS (Jun et al. 2005) . PBS contains phospahte ions which have been reported to have high affinity for the surface of iron oxide NP, displacing adsorbed molecules and resulting in loss of colloidal stability of the NP (López-Cruz et al. 2009 ). DMSA and MUA-coated NPs were suspended in PBS at a particle concentration of 0.1 % w/w. Hydrodynamic radius size-dependent measurement was determined by DLS, where concentration of PBS with pH 7.4 was increased in the presence of ferrites of constant concentration (Fig. 11) .
As it can be observed from Fig. 11 , different concentrations of PBS were used to disperse the ferrite NP. It was observed that as PBS concentration increased hydrodynamic radius of the NP increased exponentially probably due to the aggregate formation. However, this was only observed at high concentrations of PBS, and the increase of size was not very significant. It should be mentioned that the pH of the suspension was always constant, which implies that the aggregation was due to the increase of the salt concentration. For the case of magnetite NP modified with MUA, particle hydrodynamic radius increased after the first addition (Fig. 11) . However, at concentrations above 1.0 % of PBS, the hydrodynamic radius hardly varies. It was at concentrations higher than 1 % of PBS that the change in hydrodynamic radius is significant. These results indicated that DMSA-coated NPs were colloidally stable in the presence of phosphate ions. Such colloidal stability was attributed to the electrostatic repulsion between the carboxylic groups at the DMSA molecules at the NP surface. In the case of MUA, the thiol group and the eleven carbon long chain did not provide a strong electrostatic and steric repulsion, where the high ionic strength solution appeared to suppress the double-layer repulsion between the particles.
Conclusions
Ferrite NP MFe 2 O 4 (M = Fe, Co, and Mn) with cubic morphology and narrow size distribution have been generated by thermal decomposition from the corresponding metal-oleate precursor. It was confirmed that particle size of ferrite NP can be controlled by varying the amount of metal precursor in the reaction mixture. Surface functionalization of the NP with DMSA, MUA, and MATS was successfully achieved by ligand exchange method. All colloidal suspensions of functionalized ferrite nanoparticles were stable in water at pH 7. Particles functionalized with DMSA resulted in suspensions with the smallest hydrodynamic radius (60 nm) and the best stabilization toward high ionic strength suspensions.
